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Abstract 

Zn3P2  has  been  studied  as  an  anode  material  for  lithium-ion  batteries.  Electrochemical  studies  demonstrate  that  the  initial  discharge  and 
charge  capacities  are  1056  and  7 10  mAh  g~*,  respectively.  The  discharge-charge  reaction  mechanism  of  lithium  with  Zn3P2  is  analyzed  by 
ex  situ  X-ray  diffraction.  On  initial  discharge,  LiZn  alloy  is  formed  in  a  matrix  of  Li3P.  Upon  charge,  LiZn  alloy  is  transformed  completely 
into  Zn  metal  and  Li3P  is  converted  partially  to  P,  which  reacts  with  Zn  to  form  the  original  Zn3P2  phase.  The  reversible  capacity  of  Zn3P2  is 
improved  when  cycled  in  the  limited  voltage  window. 
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1.  Introduction 

Current  research  on  lithium  batteries  is  focused  on  new  an¬ 
ode  materials  to  obtain  higher  specific  capacities  than  those 
given  by  the  currently  used  carbon.  Several  lithium  alloys 
such  as  Li-Sn,  Li-Al  and  Li-Si  exhibit  high  capacity,  but  ca¬ 
pacity  retention  is  limited  because  of  large  volume  changes 
during  charge-discharge  cycling  [1,2].  Attempts  have  been 
made  to  overcome  this  problem  by  exploiting  intermetallic 
materials  that  contain  electrochemically  active  material  em¬ 
bedded  in  an  inactive  matrix  [3-7].  Recently,  considerable 
attention  has  been  devoted  to  phosphides  because  of  their 
ability  to  react  with  large  amount  of  lithium  at  low  poten¬ 
tials.  Transition  metal  phosphides  such  as  MnP4  [8],  C0P3 
[9,10],  FeP2  [11],  CuP2  [12],  Li2CuP  [13],  Li9TiP4  [14,15], 
and  CU3P  [16,17]  have  been  studied  as  anode  materials  for 
Li-ion  batteries.  It  is  interesting  to  note  that  the  reaction 
of  lithium  with  phosphides  involves  different  mechanisms. 
Depending  on  the  structure  and  composition,  the  transition 
metal  present  in  the  phosphides  acts  as  a  spectator  or  it  is  in¬ 
volved  in  new  phase  formation  and  transformations.  In  M11P4 
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[8],  a  reversible  phase  transformation  is  observed,  wherein 
P-P  bonds  are  cleaved  during  discharge  to  give  antifluo¬ 
rite  LiyMnP4,  which  is  reversible  on  charge  and  forms  the 
original  layered  MnP4  structure.  In  C0P3  [9,10],  however, 
the  structure  collapses  completely  on  discharge  to  produce 
nanophase  cobalt  metal  embedded  in  a  matrix  of  Liy  P  The 
LLP  is  electrochemically  active  and  the  lithium  can  be  re¬ 
versibly  extracted  to  leave  either  LiP  or  P.  In  CuP2  [12],  the 
copper  metal  formed  on  lithium  insertion  gives  a  new  phase 
Li2CuP  during  charge.  The  counter  cation  present  in  the  tran¬ 
sition  metal  phosphides  does  not  take  any  lithium.  Zinc  metal 
is  known  to  react  with  lithium  reversibly  [18,19]  and  several 
zinc  based  oxides  and  intermetallics  have  been  examined  as 
anode  materials  for  Li-ion  batteries  [20-23].  This  has  stimu¬ 
lated  the  present  investigation  of  Zn  3P2  as  an  anode  material 
for  Li-ion  batteries  to  exploit  the  reversible  capacity  due  to 
both  Zn  and  P. 


2.  Experimental 

ZnyP2  was  synthesized  at  high  temperatures  in  an  evacu¬ 
ated  sealed  quartz  tube  from  stoichiometric  amounts  of  zinc 
and  red  phosphorus.  The  reactants  were  heated  at  450  °C  for 
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24  h  and  then  at  700  °C  for  24  h  and  cooled  to  room  temper¬ 
ature.  The  heating  and  cooling  rates  were  1  °C  per  min.  The 
product  was  ground  and  pelletized.  The  pellets  were  reheated 
in  an  evacuated  sealed  quartz  tube  at  750  °C  for  24  h. 

Identification  of  the  phases  and  phase  purity  were  con¬ 
firmed  by  powder  X-ray  diffraction  (XRD)  (Rich-Seifert, 
Germany,  Cu  Ka  radiation).  Lattice  parameters  were  calcu¬ 
lated  by  using  the  AUTOX  program. 

Electrochemical  studies  of  Zn3?2  were  performed  in  two- 
electrode  Swagelok  cells.  The  weight  ratios  of  the  active  ma¬ 
terial,  acetylene  black  (Denka  Singapore  Pvt.  Ltd.)  and  poly- 
vinylidene  fluoride  used  in  making  the  composite  electrodes 
were  45:45:10  and  80: 10: 10.  A  thick  slurry  of  the  respective 
mixtures  was  made  by  using  n  -  met  hyl-2-p  y  ito  I  i  d  i  n  o  n  e  and 
was  then  coated  on  a  stainless-steel  foil.  Prior  to  cell  assem¬ 
bly,  the  electrodes  were  heated  in  an  oven  at  100  °C  for  12  h. 
The  swagelok  cells  were  assembled  in  an  argon-filled  glove 
box  (mBraun,  Germany,  <5  ppm  FLO)  and  used  lithium  metal 
(Aldrich,  0.75  mm  thick,  99.9%)  as  a  counter  electrode,  Tek- 
lon  (Anatek,  USA)  as  the  separator  and  1M  LiPFf,  in  1:1 
EC  +  DMC  (Chiel  Industries  Ltd.,  Korea)  as  the  electrolyte. 
Galvanostatic  charge-discharge  cycling  of  the  cells  at  room 
temperature  was  undertaken  between  fixed  voltage  limits  and 
at  the  C/5  rate  by  means  of  an  Arbin  battery  cycling  unit 
(Arbin  BT  2000,  USA). 

At  various  lithiated  and  delithiated  states,  electrochem¬ 
ical  cells  were  disassembled  inside  the  glove  box  and  the 
electrodes  were  covered  with  a  mylar  film  and  their  XRD 
patterns  were  obtained. 


3.  Results  and  discussion 

The  powder  X-ray  diffraction  pattern  of  Zn^Px,  shown  in 
Fig.  1,  indicates  the  formation  of  single  phase  and  all  the 
peaks  are  indexed  according  to  the  JCPDS  file  no.  22-1021. 
The  tetragonal  lattice  parameters  calculated  by  least  squares 
fitting  are  a  =  b=  8.07(1)  A  and  c  =  1 1.42(6)  A. 


The  initial  discharge  and  charge  curves  of  Zn3?2  elec¬ 
trode  made  with  10wt.%  and  45wt.%  acetylene  black  are 
presented  in  Fig.  2.  The  high  acetylene  black  content  causes 
an  increase  in  charge  capacity.  This  is  due  to  the  increase 
in  the  electronic  conductivity  of  the  matrix.  Therefore,  in 
the  present  work,  the  electrochemical  studies  of  Zn3P2  with 
45wt.%  acetylene  black  will  be  examined.  During  initial 
discharge,  the  voltage  falls  from  the  open-circuit  voltage 
(2.8  V)  to  1.0  V.  A  small  plateau  is  observed  at  ~0.8  V,  fol¬ 
lowed  by  a  long  plateau  at  ~0.5  V.  The  initial  step  at  0.8  V 
not  only  involves  the  intercalation  of  lithium  into  acety¬ 
lene  black,  but  also  the  formation  of  a  solid  electrolyte  in¬ 
terphase  (SEI)  layer.  The  formation  of  a  SEI  with  carbon 
has  also  been  observed  for  a  C0P3  electrode  made  with 
40wt.%  carbon  [9].  After  subtracting  the  capacity  due  to 
acetylene  black,  the  initial  discharge  capacity  of  ZniPj  is 
1056  mAhg-1.  This  corresponds  to  reaction  of  ~  1 0  Li.  The 
charge  profile  is  similar  to  that  of  discharge  and  the  volt¬ 
age  increases  smoothly  to  a  plateau  at  0.65  V.  The  initial 
charge  capacity  to  1.5  V  is  710 mAhg-1,  which  corresponds 
to  the  extraction  of  6.8  Li  and  a  faradaic  efficiency  of  about 
67%. 

The  reaction  mechanism  of  lithium  with  Zn3P2  during  the 
first  cycle  has  been  identified  by  recording  ex  situ  XRD  pat¬ 
terns  of  the  electrodes  at  selected  voltages,  i.e.,  stages  a  to  h 
in  Fig.  2.  The  XRD  patterns  are  shown  in  Fig.  3.  Although 
the  capacity  up  to  0.60  V  is  280 mAhg-1  (~2.7  Li),  there 
is  no  predominant  change  in  the  XRD  pattern.  This  clearly 
indicates  that  the  initial  discharge  capacity  is  due  to  the  inter¬ 
calation  of  lithium  into  acetylene  black.  The  same  also  holds 
true  for  a  Li/Zn3P2  cell  made  with  10wt.%  acetylene  black, 
for  which  the  plateau  at  0.8  V  is  absent.  The  XRD  pattern  (a) 
shows  that  the  peak  positions  of  Z113P2  remain  unchanged 
during  discharge  down  to  0.60  V.  There  is  however,  a  de¬ 
crease  in  the  intensities  with  slight  broadening  of  the  peaks, 
as  well  as  a  small  peak  at  ~43°  that  is  characteristic  of  the 
(101)  reflection  of  elemental  Zn  and  indicates  the  extrusion 


Capacity  (mAhg1) 

Fig.  2.  Initial  discharge  and  charge  profiles  of  Zn3?2  with  45  wt.%  acetylene 

black  ( — )  and  10  wt.%  acetylene  black  ( _ )  at  C/5  rate  in  the  voltage  window 

0.05  to  1.5  V. 


206 


M.V.V.M.  Satya  Kishore,  U.V.  Varadaraju  /Journal  of  Power  Sources  144  (2005)  204-207 


Fig.  3.  Ex  situ  XRD  patterns  of  Z113P2  electrode  during  first  cycle  at  different 
voltages.  Peaks  marked  with  ♦,  ■.  and  ▲  are  assigned  as  Zn,  LiZn  and  L^P 
phases,  respectively. 


of  Zn  from  the  lattice.  Z113P2  has  a  defect  anti-fluorite  struc¬ 
ture,  in  which  one-quarter  of  the  metal  sites  are  vacant  [24]. 
Although  the  structure  has  vacancies,  it  is  not  stable  towards 
lithium  intercalation.  The  XRD  pattern  at  0.55  V  exhibits  the 
presence  of  sharp  peaks  that  correspond  to  the  formation  of 
Zn  metal.  Thus,  the  capacity  up  to  0.55  V  is  due  to  the  reac¬ 
tion  of  lithium  with  phosphorus.  The  Zn3P2  phase  peaks  have 
completely  disappeared  and  this  indicates  structural  collapse 
and  the  presence  of  Zn  metal  in  the  Li-P  matrix.  There  is  no 
evidence  of  the  formation  of  any  intermediate  ternary  phases 
such  as  LiZnP.  On  further  discharge,  Zn  reacts  with  lithium 
to  form  LifZn  alloy.  Zinc  can  react  with  lithium  to  form  an 
alloy  of  maximum  composition  LiZn  [18].  The  XRD  pattern 
at  0.30  V  shows  the  presence  of  both  LiZn  alloy  and  Zn.  The 
peak  at  ~37.5°  may  be  due  to  the  formation  of  an  interme¬ 
diate  LijvZn  phase,  where  x<  1.  The  transformation  of  Zn  to 
LiZn  alloy  involves  several  phases  such  as  LiZn4,  Li  2/115, 
LiZm  and  LLZn3  [18].  The  emergence  of  these  phases  has 
been  observed  in  an  in  situ  XRD  study  of  a  Zn3N2  electrode 
[25].  The  fully-discharged  state  of  shows  the  pres¬ 

ence  of  LiZn  and  L^P.  The  XRD  features  of  L^P  are  very 
weak  and  suggests  the  formation  of  nanoparticles.  Overall, 
the  discharge  mechanism  is  attributed  to  two  steps  that  can 
be  written  as: 

Zn3P2  +  3xLi  — »■  3Zn  +  (2  —  x)P  +  .xL^PlO  <x<  2)  (1) 

3Zn  +  3 Li  3LiZn  (2) 

According  to  the  above  reactions,  the  maximum  consumption 
of  lithium  should  be  9.  The  observed  capacity  (~10  Li),  how¬ 


ever,  is  higher  than  this  theoretical  value.  The  excess  capacity 
can  be  attributed  to  the  formation  of  a  SEI. 

On  charge,  lithium  is  extracted  initially  from  the  LiZn  al¬ 
loy  to  form  elemental  Zn.  The  XRD  pattern  during  charge 
at  0.5  V  shows  the  presence  of  both  LiZn  and  Zn  phases, 
and  at  0.65  V  lithium  is  extracted  completely  from  LiZn.  On 
further  charge,  lithium  is  extracted  from  L^P  and  the  phos¬ 
phorus  formed  reacts  simultaneously  with  Zn  metal  to  yield 
the  original  Zri3P2  phase.  This  behaviour  is  confirmed  by  the 
XRD  patterns  taken  at  0.7  and  1.5  V,  wherein  the  peaks  at  29 
~27°  and  ~45°  are  characteristic  of  a  Zrv^  phase.  The  de¬ 
gree  of  crystallinity  of  Zn3?2  is  poor.  The  charge  mechanism 
can  be  ascribed  as  follows: 

3LiZn  ->  3Zn  +  3Li  <  0.65  V  (3) 

2Li3P  -*  6Li  +  2P 
3  vZn  +  2yP  — >  yZn3P2  (0  <  y  <  1) 

From  XRD  studies,  it  is  clearly  evident  that  LiZn  alloy  is 
completely  reversible  during  charge.  A  capacity  loss  is  ob¬ 
served,  however,  and  indicates  the  limited  reversibility  of  ex¬ 
traction  of  Li  from  L^P.  Hence,  the  charge  capacity  observed 
(~7  Li)  is  less  than  the  theoretical  value  (9  Li).  The  return 
to  a  Zn3P2  phase  indicates  that  a  structural  relationship  need 
not  exist  between  the  product  (LiZn  and  L^P)  and  parent 
structures.  Recently,  this  feature  was  observed  in  CU3P  [16], 
wherein  the  Cu,  L^CuP  and  L^P  formed  during  discharge 
are  reversible  on  charge  and  reform  crystalline  CU3P.  With 
InSb,  a  partial  return  of  original  phase  was  observed  after 
charge  [26].  Although,  no  comment  was  made  on  this  be¬ 
haviour,  it  was  clearly  evident  from  the  in  situ  XRD  study 
that  the  pattern  for  the  charged  electrode  shows  the  presence 
of  a  small  amount  of  InSb  phase,  which  was  absent  in  the 
fully-discharged  pattern. 

The  differential  capacity  plots  for  the  first  two  cycles  of 
Z113P2  are  shown  in  Fig.  4.  A  peak  in  the  derivative  curve 
represents  a  plateau  in  the  voltage  profile.  The  peak  voltages 


>  0.65  V  (4) 


Fig.  4.  Differential  capacity  plots  of  Zn3?2  for  first  two  cycles. 
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Fig.  5.  Discharge  capacity  vs.  cycle  number  of  Li/Zn3P2  cells  cycled  in 
voltage  windows  0.05  to  1.5  V,  0.3  to  1.5  V  and  0.3  to  1.0  V  at  C/5  rate. 

in  the  first  two  cycles  are  identical,  which  indicates  that  the 
reaction  mechanism  followed  during  the  initial  cycle  is  re¬ 
peated  in  the  second  cycle.  This  shows  that  Z113P2  formed 
during  the  first  charge  reacts  with  lithium  at  nearly  in  the 
same  potential  during  the  second  discharge. 

The  cycling  performance  of  Z113P2  conducted  over  the 
voltage  windows  of  0.05  to  1.5  V,  0.3  to  1.5  V  and  0.3  to 
1.0  V  is  given  in  Fig.  5.  The  reversible  capacities  observed 
in  the  voltage  windows  0.3  to  1.5  V  and  0.3  to  1.0  V  are  pre¬ 
dominantly  due  to  the  reversibility  of  Li3P.  The  reversible 
capacity  cycled  in  the  voltage  window  0.05  to  1.5  V  is  poor 
and  there  is  a  small  improvement  in  the  capacity  retention 
when  cycled  in  the  voltage  window  0.3  to  1 .0  V.  The  value 
after  15  cycles  is  ~  100  mAh  g~ 1 .  The  reversible  capacity  re¬ 
ported  by  the  zinc-containing  compounds  Zn3N2  and  Zn4Sb3 
is  also  very  poor  [25,23].  For  Zn4Sb3,  however,  cycling  per¬ 
formance  is  enhanced  by  milling  the  material  with  graphite. 
In  the  present  study,  cracks  are  observed  in  the  cycled  Z113P2 
electrode,  which  indicate  volume  changes  during  cycling. 
The  XRD  pattern  of  a  discharged  electrode  after  15  cycles 
(0.05  to  1.5  V  window)  is  shown  in  Fig.  3(i).  The  presence  of 
unreacted  Zn3P2  and  Zn  in  the  discharged  electrode  suggests 
that  cracking  leads  to  the  disconnection  of  particles.  Milling 
with  carbon  and/or  nanophase  Z113P2  could  possibly  improve 
the  cycling  performance. 

4.  Conclusions 

The  discharge  and  charge  profiles  of  Zn3P2  exhibit  a 
plateau  at  ~0.6  V.  An  ex  situ  XRD  study  has  revealed  the 
formation  of  bulk  zinc  metal  during  the  initial  stages  of  dis¬ 
charge  and  on  complete  discharge,  LiZn  alloy  and  U3P  are 
formed.  During  charge,  LiZn  converts  back  to  Zn  at  low  volt¬ 
ages  and  extraction  of  lithium  from  U3P  at  above  0.65  V  leads 


to  the  re-formation  of  Z113P2.  Although  Z113P2  provides  high 
reversible  capacity  during  the  first  cycle,  the  cycling  stability 
is  poor.  A  discharge  capacity  of  ~100mAhg_1  is  observed 
after  15  cycles,  with  a  voltage  window  0.3  to  1.0  V.  Z113P2 
is  an  attractive  alternative  anode  material  because  of  low  po¬ 
larization  and  also  due  to  the  reaction  of  lithium  at  similar 
potentials  during  initial  and  successive  cycles. 
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